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Introduction
Facing the growing demand for fresh food, cold chain distribution (CCD) enterprises are constantly increasing the number of vehicles and distribution centers (DCs), aiming to deliver multiple small batches to designated regions right on time. The semi-open multi-DC joint CCD fully uses the existing vehicles and lowers the distribution cost. This distribution mode overcomes the defects of the traditional regional distribution mode, such as insufficient distribution capacity, the lack of resources, the inability to share information, and the regional limitation. Therefore, it is very important to explore the path optimization of semi-open multi-DC CCD.
In recent years, fruitful results have been achieved on CCD path optimization, which is a type of vehicle routing problem (VRP) (Dantzig and Ramser, 1959) . For example, Lan et al. (2013) classified CCD modes, helped enterprises choose the suitable collaborative distribution model, and reduced the cost of enterprise distribution. For the minimal distribution cost, Wang et al. (2018) established and solved an optimization model for multi-temperature cold-storage CCD under stochastic demand.
Considering the limitation of the standard algorithms, some scholars have introduced improved algorithms or the time window constraint to explore the CCD path optimization. For instance, Wang and Luo (2017) optimized the CCD path with time window using the improved intelligent water drops algorithm. To coordinate the time The research results on CCD both bring economic benefits to enterprises and promote the greenness of the CCD. However, the existing studies on semi-open multi-DC CCD fail to fully consider the cost incurred in the distribution process, or the insufficiency of self-owned vehicles (some vehicles are rented from third parties). To overcome the defects of these studies, this paper designs a global network covering all consumers, assuming that the enterprise has multiple DCs and sufficient vehicles, and establishes a comprehensive semi-open multi-DC CCD model constrained by soft time window. The model attempts to minimize the sum of vehicle dispatch cost, transport cost, time penalty cost, cargo loss cost and carbon emissions cost. In addition, the proposed model was solved by the hybrid algorithm of artificial fish-swarm algorithm (AFSA) and ACA (AFSA-ACA hybrid algorithm). The simulation examples show that the multi-DC CCD mode is better than the traditional regional CCD mode.
Materials and methods

Problem description
This paper mainly studies the "many-to-many" semi-open multi-DC CCD mode. In this cross-regional network distribution mechanism, "many" DCs serve "many" consumers, and share with each other the consumer information, resources and vehicles. Considering carbon emissions, a semi-open multi-DC CCD path optimization model was established to deliver multiple small batches to designated regions. Below is a description of our research problem.
It is assumed that a distribution enterprise serves N consumers with M DCs and K vehicles. During the distribution, each DC should be open to all vehicles, and play the role of the final destination or stopover point. After completing the distribution task, a vehicle does not need to return to the original DC, but to any of the nearby DCs. The consumers only receive distribution services and do not allow the stopover of vehicles. The vehicles are sufficient to satisfy the distribution demand. However, the route, distance and stopover DCs vary with vehicles and trips, due to the limitations of the load, speed and distance of the vehicles. The distance between each DC and each consumer is known, so is the distance between consumers. This paper designs a penalty function based on time window, because late distribution will damage the quality of fresh food and cause dissatisfaction among consumers. The carbon emissions from the CCD are mainly from energy consumption and refrigeration.
Based on the above, this paper constructs a mathematical model to minimize the total cost, which covers vehicle dispatch cost, transport cost, time penalty cost, cargo loss cost and carbon emissions cost. Besides, the improved GA was designed to solve the model and optimize the delivery path. The optimal path can minimize the path length, increase vehicle utilization, lower carbon emissions and reduce the total cost of the distribution service. Figure 1 illustrates the semi-open multi-DC CCD mode.
Model hypotheses
(1) The vehicles are of the same model and the same specifications. The maximum load, fuel consumption and refrigeration performance are known in advance.
(2) There are enough vehicles to satisfy the demand of all consumers. (5) Each consumer sets out a time window on the delivery time, and will not accept the service before the earliest acceptable time or after the latest acceptable time.
(6) The position of each DC and each consumer is known in advance. Every DC boasts sufficient cargoes and the ability to serve the consumer demand.
(7) All vehicles must start from a DC. After completing the distribution task, a vehicle does not need to return to the original DC, but to any of the nearby DCs.
(8) Two drivers are arranged for each vehicle, so that they can take turns to rest. The labor cost and vehicle operation cost are both included in the dispatch cost. 
Mathematical model
(1) Time penalty cost. To ensure the temperature and humidity of fresh food and satisfy the consumer's time requirement, the distributor must deliver the cargoes within the agreed time period. However, the cargoes may not be delivered within the agreed period for various reasons in actual distribution. Hence, the concept of soft time window emerged: the distributor can deliver the cargoes beyond the agreed time period but within the maximum tolerable period of the consumer, while bearing a certain time penalty cost (Dai and Liang, 2017) . In this paper, a penalty function is designed according to the time window of the consumers. Specifically, no penalty cost will be incurred if the cargoes are delivered within the period   (2) Cargo loss cost. The CCD of fresh food must meet the requirements on temperature and humidity. The fresh food may suffer from a certain loss during the long-distance transport and loading/unloading . Considering the effects of transport and loading/unloading on the quality and value of fresh food, this paper assumes that the temperature remains constant in the vehicle during distribution, and http://www.aloki.hu • excludes the impacts from other factors. In other words, the cargo loss of fresh food is assumed to be correlated with the distribution distance and the door opening in loading/unloading. Hence, the cargo loss cost was calculated based on the two issues.
be the cargo loss cost incurred as vehicle j moves from consumer i to consumer j and completes the delivery to consumer j. Then, the total cargo loss cost through the distribution process can be calculated as Equation 2:
(3) Carbon emissions cost. The CCD releases more CO2 than the distribution of ordinary cargoes. The carbon emissions in the CCD mainly comes from fuel combustion, which depends on the transport distance is and the cargo load (Xiao et al., 2012; Duro, 2013) . The fuel consumption per unit distance  can be regarded as a linear function of the cargo load 
where Equation 3 is the objective function about the minimal total cost of distribution, including the vehicle dispatch cost, transport cost, time penalty cost, cargo loss cost and carbon emissions cost; Equations 4-12 are the constraints of the model, which respectively specifies the vehicle load cannot surpass the maximum load, that each consumer can only be served once, that a vehicle must leave the consumer after completing the task, that a vehicle cannot move from a DC directly to another DC, that a vehicle can return to any DC after completing the task, that the branch constraint is removed, that each vehicle must deliver cargoes in strict accordance with the sequence of consumers, that the time vehicle k arrives at customer j, and that x k ij = 1 if vehicle k moves from consumer i to consumer j (x k ij = 0 if otherwise).
Algorithm design
Assuming the existence of a virtual DC, this paper attempts to solve the semi-open multi-DC CCD path optimization problem as the AFSA-ACA hybrid algorithm. The hybrid algorithm was proposed by introducing the crowding factor of the AFSA to the ACA. This factor can adjust the pheromone concentration left by the ants on the search paths, and thus control the aggregation behavior of the ant colony, leading to the optimal solution. In this way, the AFSA-ACA hybrid algorithm manages to avoid the local optimal trap. The original ACA often falls into this trap due to the following reasons: In the ACA, the path selection of the ant colony is easily affected by the pheromone concentration. Thus, the suboptimal solution often appears in advance, and the pheromones continue to accumulate on the suboptimal paths.
ACA
The ACA was first proposed by the Italian scholar Dorigo and Gambardella (1997) . For an ant k in path selection, the probability that the ant moves from node i to nodej at time t can be calculated from the pheromone concentration and heuristic information on the path between the two nodes, as shown in 
where: ij  is the residual pheromone concentration on the path between node i and node j ;
is a heuristic function about the expectation of ant k to move from node i to node j (the smaller ij d , the greater ij  and the higher
is the set of cities that ant k is allowed to choose from, with k tabu being the tabu list of ant k (the nodes that the ant has served);  is the relative importance of pheromone concentration;  is the importance of the heuristic function, i.e. the importance the ant attaches to the heuristic information.
After one cycle, the global pheromone of the distribution optimization plan involving all ants should be updated. Following the ant-cycle update strategy, the pheromone concentration on each path can be updated by Equations 14-16: ( ) j i e , is the path from node i to node j .
AFSA
Proposed by Li et al. (2002) , the AFSA divides the behaviors of fish swarm into foraging, clustering, tailgating and random behaviors by mimicking the activites of actual fish. During foraging and tailgating, the fish swarm will cluster in the area rich in food, which is similar to the search for the optimal solution. To prevent premature convergence, the crowding factor  is introduced to control the aggregation concentration of the fish swarm, thus avoiding the local optimal trap. Let ( ) t  be the crowding factor at timet , 
, then the fish swarm will move one step toward the center position of the partners; otherwise, the fish swarm will start foraging.
During tailgating, if
, then the fish swarm will move one step toward the direction of the partner with the best state j X in the search space; otherwise, the fish swarm will start foraging. Here, i X , f n and j Y have the same meanings as above.
AFSA-ACA hybrid algorithm
In our AFSA-ACA hybrid algorithm, the crowding factor ( ) 
In each iteration, our AFSA-ACA hybrid algorithm first uses the ACA and the roulette strategy to compute the transfer probability of ants between the consumers that satisfy all constraints conditions (e.g. time window and maximum load) and exist outside the tabu list, to select the next consumer to be served, and determine the transfer target path. Then, the AFSA is called to compute the pheromone crowdedness on that path, to see if the path is selectable. If
, the path will be selected; otherwise, the ant will stopover at a nearby actual DC, remove the vehicle information and finally return to the virtual DC. If the ant can go on with distribution, it should replenish the cargoes at the actual DC it visited before returning to the virtual DC. Assuming that no cost is incurred and no time is consumed in the replenishment, the actual DC will be added to the current solution. Then, the transfer probabilities will be recalculated and the consumer will be selected again.
The specific flow of the AFSA-ACA hybrid algorithm is illustrated in Figure 3 .
Simulation and discussion
Calculation example
There is no universal set of examples for semi-open multi-DC CCD, for the distribution mode is subjected to multiple constraints. This paper carries out simulation using the data (Fan et al., 2018) . The calculation example is shown in Table 1 .
It is assumed that a fresh food logistics enterprise W owns one virtual DC and 4 actual DCs, and serves 48 main consumers. The enterprise operates sufficient refrigerated vehicles, which have the same specifications. The maximum load Q is 10 t, the mean speed is , the vehicle dispatch cost 
Distribution modes
Inspired by the decomposition method, the traditional distribution mode firstly sorts the 48 consumers through k-means clustering, and allocates them to 4 DCs. Then, the distribution plan was prepared to minimize the total distribution cost. In this plan, each DC is responsible for the distribution to the consumers in the specified region; each vehicle must return to the original DC after completing the tasks in the responsible region.
The proposed distribution mode considers the 48 consumers as a whole and makes uniform planning of the distribution plan. In this mode, each vehicle can stopover or replenish its cargoes after serving a batch of consumers, until completing all distribution tasks.
In this section, both distribution modes are solved by the AFSA-ACA hybrid algorithm. Through repeated simulations on the example, the basic parameters of the hybrid algorithm were set as: Ncmax = 1000, 50 _ = num Ant and c = 0.0002. The simulations were run on Matlab2014b and the optimal paths of the two distribution modes were subjected to comparative analysis. Figure 4 shows the optimal path of enterprise M obtained for the traditional mode. A total of 7 vehicles are needed to serve the 48 consumers, which were allocated to the 4 DCs by k-means clustering. The consumers and paths of each vehicle are listed in Table 2 . Figure 5 shows the optimal path of enterprise M obtained for the proposed mode. In this mode, the 48 consumers are viewed as a whole and the 4 DCs share resources with each other. After completing the tasks of the original DC, each vehicle can stopover or replenish its cargoes at a nearby DC; then, the vehicle can continue with distribution until completing all consumer orders in the whole network. A total of 5 vehicles are needed to serve all consumers in this mode. The consumers and paths of each vehicle are listed in Table 4 compares the optimal distribution plans of the two distribution modes. Under the traditional mode, the total travel distance was 1,393.45 km, and the total distribution cost was RMB 25,920.97 yuan, including RMB 577.36 yuan of carbon emissions cost. Under the proposed mode, the total travel distance was 1,337.27 km, and the total distribution cost was RMB 23,699.18 yuan, including RMB 501.73 yuan of carbon emissions cost.
Comparative analysis
As shown in Figure 4 , the consumers in the traditional mode were served by region, and each vehicle must return to the original DC after completing the tasks in the responsible region. As shown in Figure 5 , the proposed mode realized transregional distribution: after completing the current task, each vehicle can stopover or replenish its cargoes at a nearby DC; then, the vehicle can continue with distribution until completing all consumer orders in the whole network. Compared with the traditional mode, the proposed mode can distribute fresh food efficiently with a few vehicles, a http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_94379453  2019, ALÖKI Kft., Budapest, Hungary short distance and a low cost, and saves resources in the return trips of vehicles. Besides, the proposed mode can effectively reduce the carbon emissions cost, which is in line with the green development of the enterprise. 
Conclusions
Targeting the fresh food distribution, this paper puts forward a semi-open multi-DC CCD model based on multi-DC resource sharing and time window constraint. The proposed model was solved by the AFSA-ACA hybrid algorithm. The semi-open multi-DC distribution mode was proved to have smaller total travel distance and total cost than the traditional regional distribution mode, and, in particular, a much lower carbon emissions cost. The semi-open multi-DC distribution mode provides enterprises an important tool to save resources, realize multi-DC resource sharing, maximize economic and environmental benefits. The research findings lay a solid theoretical basis for the distribution of fresh food.
Although the content of this paper provides some reference value for fresh product distribution enterprises in planning low-carbon distribution routes, the model built in this paper is based on certain assumptions and constraints. So the research is still incomplete. This paper assumes that the same type of vehicle, the same temperature and uniform speed are constraints for distribution. Multi-type vehicle, multi-temperature joint distribution and the variable speed can be considered in the study of path optimization CCD with multi-DC considering carbon emissions in future researches.
